Objective: Nearly two-thirds of patients with vestibular schwannoma (VS) are reporting a significantly impaired quality of life due to tinnitus. VS-associated tinnitus is attributed to an anatomical and physiological damage of the hearing nerve by displacing growth of the tumor. In contrast, the current pathophysiological concept of non-VS tinnitus hypothesizes a maladaptive neuroplasticity of the central nervous system to a (hidden) hearing impairment resulting in a subjective misperception. However, it is unclear whether this concept fits to VS-associated tinnitus. This study aims to determine the clinical predictors of VS-associated tinnitus to ascertain the compatibility of both pathophysiological concepts.
inTrODUcTiOn Tinnitus is the second most frequent symptom in vestibular schwannoma (VS) patients (1) . Approximately 65-75% of the VS patients complaint about tinnitus (2, 3) , in 10% of the patient it is even the presenting symptom (1) . Furthermore, tinnitus is a major factor impairing the VS patients' quality of life (4) (5) (6) .
The current pathophysiological concept of non-VS tinnitus (e.g., idiopathic tinnitus, tinnitus after auditory or baric trauma) hypothesizes a maladaptive neuroplasticity on a cochlear, brain stem, and/or cortical level as a consequence of (hidden) hearing impairment. These neuroplastic changes are supposed to cause a neuronal hyperexcitability for the residual auditory input resulting in the subjective misperception (7) (8) (9) (10) . Hence, hearing impairment has been shown to be the strongest predictor for non-VS tinnitus (7) (8) (9) (10) (11) . In contrast, the pathophysiology of VS-associated tinnitus remains unclear. There are several potential mechanisms of tinnitus generation suggested in the literature (12): (i) ephaptic coupling of cochlear nerve fibers by compression (13), (ii) cochlear dysfunction by ischemia or by biochemical degradation (14) , (iii) efferent system dysfunction following compression of the efferent fibers in the inferior vestibular nerve (15) , and (iv) cortical reorganization following hearing loss (9) . Most studies trying to understand the pathophysiology of VS-associated tinnitus by evaluating its clinical predictors have shown an inverse relationship between tumor size and preoperative tinnitus (3, 12, (16) (17) (18) (19) . In contrast to non-VS tinnitus, only few studies have shown an association between preoperative hearing impairment and tinnitus (3, 12, 17) . In a series of 1,000 patients, the rate of tinnitus was higher in hearing than in deaf patients (74 and 46%, respectively) (3). Another study indicates patients with tinnitus to have better hearing than patients without tinnitus, although not reaching statistical significance (17) . Similar data are provided by a study in 941 VS patients showing that patients without hearing loss are less likely to experience tinnitus (12) . However, no study was able to prove a correlation between tinnitus and hearing impairment, as measured by audiometric thresholds. In contrast, a correlation between patient's age and VS-associated tinnitus was observed (12, 17) . Finally, several other studies could not establish any predictors of VS-associated tinnitus (4, 5, 20) .
We hypothesize, that in case VS-associated tinnitus is based on similar pathophysiological principles as non-VS tinnitus, a distinct relationship between tinnitus and hearing impairment is expected. Reviewing literature several possible explanations for the inconclusive evidence have been identified. Most studies have applied bivariate statistics that might have obscured the factual relationship between hearing impairment and VS-associated tinnitus. First, there is a known interaction between preoperative hearing impairment and VS size (21) . Second, a bivariate analysis assumes a linear correlation; however, the available data imply a more complex relationship between tinnitus, tumor size, and hearing impairment (12) . Hence, a multivariate analysis is more appropriate to disentangle clinical predictors of VS-associated tinnitus. However, multivariate statistics necessitates large patient numbers that were available only for few studies (3, 12, 17, 18) .
The objective of this study was to determine clinical predictors (i.e., patient age, gender, tumor size, and hearing impairment) of VS-associated tinnitus in a large neurosurgical patient cohort using a multivariate logistic regression.
MaTerials anD MeThODs

Patients
All patients enrolled in this retrospective cross-sectional study underwent a neurosurgical removal of a unilateral sporadic VS in the Neurosurgical Department of the University of Tuebingen between January 2008 and January 2015. First, we identified all patients undergoing surgical treatment for intracranial neoplasms of the cranial nerves in this time period (n = 702) based on their ICD-10 code (ICD-10: D33.3). 21 patients were excluded due to the histological findings other than VS. Second, we excluded all patients with neurofibromatosis II (ICD-10: Q85.0) and bilateral VS (n = 61), patients with relapse or postradiation surgery (n = 40) and known contralateral hearing loss [Gardner and Robertson (GR) grading >2, n = 8] resulting in 572 patients for bivariate analysis ( Table 1) . However, pure-tone audiograms were missing in 94 patients. Hence, only 478 complete datasets were included to the final multivariate statistical analysis ( Table 2) . Preoperatively, all patients received a clinical evaluation of VS-associated symptoms, a hearing evaluation by an ear-nose-throat specialist (pure-tone audiogram and speech discrimination) and a magnetic resonance imaging of the brain. Patients' characteristics are summarized in Table 1 . This study was carried out in accordance with the recommendations of the ethics committee of the Eberhardt Karls University Tuebingen for retrospective studies of data collected as part of routine diagnosis and treatment.
clinical evaluation
All patients underwent a thorough clinical evaluation of VS-associated symptoms (i.e., hearing impairment, tinnitus, dizziness, balance problems, facial palsy, facial dysesthesia, swallowing difficulties, headache, nausea, and vomiting) by a semistructured interview by experienced neurosurgeons. Finally, the presence of ipsilateral tinnitus symptoms was dichotomized for statistical analysis (0: no tinnitus, TN−; 1: tinnitus present, TN+).
grading of the hearing loss
Hearing impairment was classified according to the GR scale (22) . As most of the hearing tests were performed outside of our center, details of the used speech discrimination tests were missing (i.e., word lists, masking, etc.). Hence, grading was based exclusively on the results of the pure-tone audiometry (PTA) resulting in five classes: GR 1 (good, PTA 0-30 dB), GR 2 (serviceable, PTA 31-50 dB), GR 3 (non-serviceable, PTA 51-90 dB), GR 4 (poor, PTA 51-90 dB), and GR 5 (deaf, PTA 0 dB). To show the relationship between the absolute hearing impairment and the occurrence of tinnitus, we have reanalyzed the data with narrow binning of the PTA: (1) 0-10 dB, (2) 11-20 dB, (3) 21-30 dB, (4) 31-40 dB, (5) 41-50 dB, (6) 51-60 dB, (7) 61-70 dB, (8) 71-80 dB, (9) 81-90 dB, (10) 91-100 dB, and (11) >100 dB (23).
Tumor size classification
In all patients, a preoperative magnetic resonance image of brain with gadolinium contrast was available, and tumor extent was graded according to Hannover classification (3). VS were classified into four classes: T1 (purely intrameatal), T2 (intra-and extrameatal), T3 (filling the cerebellopontine cistern), and T4 (compressing the brain stem). 
resUlTs
The bivariate analysis showed significant differences between TN+ and TN− patients for gender, tumor size, and hearing impairment. There was a preponderance of male gender, larger tumors (in particular T3), and better hearing function (GR1-GR4) in the TM+ group (Figure 1 ). There were no significant group differences for age and tumor side ( Table 1) . To ascertain the effects of gender (GENDER), age (AGE), tumor side (SIDE), tumor size (SIZE), and preoperative hearing impairment (GR) on the likelihood of preoperative VS-associated tinnitus, a binomial logistic regression was performed. The logistic regression model was statistically significant [χ 2 (10) = 52.50, p < 0.0001]. Of the five predictor variables GR, SIZE, and GENDER were statistically significant ( Table 2 To proof the increased risk of developing tinnitus depending on the hearing impairment, we reanalyzed the data with narrow binning of the PTA values. A binomial logistic regression was performed to show the predictive value of the PTA for the presence of tinnitus. The logistic regression model was statistically significant [χ 2 (10) = 32.17, p < 0.0001] with PTA being a significant predictor of tinnitus (p = 0.002). Patients with PTA >100 dB were less likely to present a preoperative tinnitus than other patients (Table 3) . However, for patients with residual hearing, there was positive relationship between hearing impairment and the risk of tinnitus occurrence (Figure 2) .
DiscUssiOn
This study evaluated the clinical predictors of preoperative tinnitus in unilateral sporadic VS patients indicating male gender and FigUre 2 | Graph is showing the odds ratios (ORs) provided by the logistic regression for the occurrence of tinnitus when compared to patients with pure-tone audiometry (PTA) >100 dB. Patients with PTA >100 dB showed the smallest risk for tinnitus. In patients with residual function, however, there was an increase of the ORs with increasing hearing impairment. hearing impairment as positive predictors of tinnitus. In contrast, large tumors and complete hearing loss were disentangled as negative predictors in our patient cohort.
relationship between Vs-associated Tinnitus and Tumor size So far, most studies evaluating the clinical predictors of VS-associated tinnitus have shown an inverse relationship between tumor size and tinnitus (3, 12, (16) (17) (18) (19) . In line, our data show no predictive value of tumor size except the fact that patients with extreme large tumors (i.e., Hannover classification T4) are less likely to experience a tinnitus. Most of the available studies include VS patients treated mainly by the so-called translabyrinthine approach covering rather smaller VS (5, 12, 16, 20, 24) In contrast, due to the retrosigmoidal approach used in our department, this study is covering a high proportion of extreme large tumors (i.e., Hannover classification T4) (3, 4, 17, 24, 25) . This fact might have contributed to our findings on the relation between tumor size and tinnitus. A detailed look at the statistics indicates that patients with small tumors (i.e., Hannover classification T1) have the largest risk of preoperative tinnitus in comparison to T2-T4 tumors, however, reaching statistical significance only in contrast to T4 tumors. To our opinion, the most likely explanation for this finding is that tinnitus might lead these patients to an early consultation with physicians, resulting in earlier detection of small tumors (3, 17) . On the other, as T4 tumors are reaching the brain stem an interaction between tumor and the cochlear nucleus by compression cannot be excluded.
impact of age, Tumor side, and gender on Vs-associated Tinnitus
In this study, no correlation between patient's age or tumor side and VS-associated tinnitus was observed. In contrast, Kameda and colleagues found that patients suffering from VS-associated tinnitus are younger than patients without VS-associated tinnitus (17) . Contradictory, Baguley and colleagues have shown a positive correlation between age and tinnitus severity, i.e., greater age being associated with greater tinnitus severity (12) . Notably, in our analysis, male gender seems to be a positive predictor of VS-associated tinnitus. While there are some studies claiming a male preponderance in non-VS tinnitus (26, 27) , most studies indicate female patients to be more affected (28) (29) (30) . These gender differences could be related to different stress coping or anxiety sensitivity (30, 31) . However, it remains unclear, how these findings refer to VS-associated tinnitus, when the tinnitus is superimposed by a tumor diagnosis and the need to surgical treatment. In such situation, men might exhaust their personal coping resources faster than women. Nevertheless, the relation between tinnitus and gender is still ambiguous. However, most studies demonstrate no association between tinnitus, gender, age, or VS tumor side (4, 5, 18, 20) .
relationship between Vs-associated Tinnitus and hearing impairment
Applying a multivariate analysis, this study is the first one to establish a significant, however, non-linear relationship between hearing impairment and VS-associated tinnitus. Our data show that higher preoperative hearing impairment is increasing the risk of developing a tinnitus while complete deafness, in turn, is reducing the risk. However, our data also show that 60% of the patients with good clinical hearing suffer from tinnitus. On the other hand, approximately 23% of the patients with complete hearing loss are suffering from preoperative tinnitus. For the first time, these findings indicate a non-linear relationship between hearing impairment and VS-associated tinnitus. To our opinion, this finding can be partially attributed to our retrosigmoidal approach, which resulted in a patient cohort with less preoperative hearing impairment (3, 4, 17) than other studies applying mainly the translabyrinthine approach (5, 12, 16, 20, 24) . Our results are in good accordance with literature about non-VS tinnitus indicating hearing loss as main risk factor (7) (8) (9) (10) . Nevertheless, it is well known from non-VS tinnitus that clinical hearing impairment, as measured by the audiometry, is no necessary to develop tinnitus (11, 32, 33) . This finding could be explained by the fact that some forms of auditory deafferentation are not discovered by audiometry, e.g., patients with tinnitus who have normal hearing thresholds frequently are shown to have cochlear dead regions or outer hair cell damage compared with controls (10, 32) . On the other hand, the sensitivity of the PTA might be insufficient to detect subtle (or hidden) hearing impairment (11, 33) . In patients with non-VS tinnitus and normal hearing, Schaette and McAlpine have shown an association between tinnitus and a wave I amplitude reduction of the acoustic-evoked potentials, which is generated by primary auditory nerve fibers. This finding is supposed to be a physiological marker of reduced neural output from the cochlea. At the same time, however, the more centrally generated wave V presented a normal amplitude. These findings were interpreted as a renormalization of neuronal response magnitude to the reduced afferent input within the brainstem compensating the hearing loss (11) . Our data show a significant increase of tinnitus occurrence in patients with non-serviceable hearing (GR3 and GR4) indicating that residual, possibly non-functional, activity of the acoustic nerve promotes the occurrence of tinnitus (7) (8) (9) (10) . In line, there is evidence that cochlear nerve preservation with non-functional hearing seems to predict a new-onset tinnitus after surgical VS removal (18, 34) . Finally, although hearing impairment could be the initial source of tinnitus, the subsequent cascade of maladaptive neuroplasticity in the central auditory system is likely perpetuate the tinnitus even without any residual input from the ear. This explains the occurrence of VS-associated tinnitus in patients with complete deafness and the fact that tinnitus is persisting even when afferent input from the ear is eradicated by cutting of the auditory nerve loss (35, 36) . In contrast, re-installing functional hearing by cochlear implants has been shown to reduce tinnitus (37, 38) .
limitations of the study A major limitation of the study is the dichotomization of the patients' tinnitus complaints. Unfortunately, there are no systematic data on the tinnitus severity available loosing important information about the exact relation between tinnitus intensity and hearing impairment. Indeed, there are few studies using dedicated scores in VS-associated tinnitus. For example, Baguley and colleagues have shown a positive correlation between age and tinnitus severity. However, there was no significant association to hearing impairment (12) .
cOnclUsiOn
This study proves hearing impairment as the most important predictor of VS-associated tinnitus. This finding suggests similar pathophysiological mechanisms for VS-associated and non-VS tinnitus. A better understanding of the VS-associated tinnitus could pave the way for new therapeutic approaches (e.g., noninvasive neurostimulation).
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